Aims/hypothesis As obesity progresses, adipose tissue exhibits a hypoxic and inflammatory phenotype characterised by the infiltration of adipose tissue macrophages (ATMs). In this study, we examined how adipose tissue hypoxia is involved in the induction of the inflammatory M1 and anti-inflammatory M2 polarities of ATMs. Methods The hypoxic characteristics of ATMs were evaluated using flow cytometry after the injection of pimonidazole, a hypoxia probe, in normal-chow-fed or high-fat-fed mice. The expression of hypoxia-related and inflammation-related genes was then examined in M1/M2 ATMs and cultured macrophages. Results Pimonidazole uptake was greater in M1 ATMs than in M2 ATMs. This uptake was paralleled by the levels of inflammatory cytokines, such as TNF-α, IL-6 and IL-1β. The expression level of hypoxia-related genes, as well as inflammation-related genes, was also higher in M1 ATMs than in M2 ATMs. The expression of Il6, Il1β and Nos2 in cultured macrophages was increased by exposure to hypoxia in vitro but was markedly decreased by the gene deletion of Hif1a. In contrast, the expression of Tnf, another inflammatory cytokine gene, was neither increased by exposure to hypoxia nor affected by Hif1a deficiency. These results suggest that hypoxia induces the inflammatory phenotypes of macrophages via Hif1a-dependent and -independent mechanisms. On the other hand, the expression of inflammatory genes in cultured M2 macrophages treated with IL-4 responded poorly to hypoxia. Conclusions/interpretation Adipose tissue hypoxia induces an inflammatory phenotype via Hif1a-dependent and Hif1a-independent mechanisms in M1 ATMs but not in M2 ATMs.
Introduction
Chronic and low-grade inflammation is a pivotal pathogenetic mechanism of various obesity-associated diseases including the metabolic syndrome and type 2 diabetes [1] [2] [3] . Visceral adipose tissue is a major site for such chronic inflammatory responses and adipose tissue macrophages (ATMs) perform important roles, such as the production of inflammatory cytokines [2] [3] [4] , therein. In general, macrophages exhibit marked functional heterogeneity and local microenvironments influence their activation status and functions [5, 6] . Th1 cytokines, such as IFN-γ, induce classical activation of M1 macrophages, which produce inflammatory mediators. Th2 cytokines, such as IL-4 and IL-13, induce the alternative activation of M2 macrophages, which mediate anti-inflammatory responses. M1 ATMs produce inflammatory cytokines, such as TNF-α and IL-6, that are involved in the induction of insulin resistance. The majority of ATMs in lean individuals, however, exhibit an anti-inflammatory M2 polarity. These ATMs reportedly play several roles in the maintenance or improvement of insulin sensitivity [7] [8] [9] [10] [11] [12] . In our recent study, flow-cytometry analysis using cluster of differentiation (CD)11c and CD206 as M1 and M2 ATM markers, respectively, revealed that the number of M1 ATMs increased dramatically in mice fed a high-fat diet (HFD), while the increase in the number of M2 ATMs was modest [7] .
In a recent review Sun et al stated that at least four factors may trigger an increase in the number of M1 ATMs in visceral adipose tissue according to the progress of obesity-adipocyte death, chemotactic regulation, fatty-acid flux and adiposetissue hypoxia [13] . The oxygen partial pressure in adipose tissues is reported to decrease with obesity in both humans and rodents [14] [15] [16] [17] [18] [19] [20] . Several studies have suggested that hypoxia is involved in the remodelling process, which includes inflammatory and fibrotic changes in obese adipose tissues [14, 15, 21, 22] . While hypoxia in adipocytes is involved in the fibrotic remodelling of adipose tissue, hypoxia in macrophages has been implicated in inflammatory changes. However, exactly how, and by what mechanisms, hypoxia affects the characteristics of M1 and M2 ATMs in adipose tissue from obese mice and leads to inflammation has not been fully addressed to date.
Subcutaneous adipose tissue is reported to exhibit less inflammation than visceral adipose tissue even in obese humans and rodents [23] [24] [25] [26] . The oxygen partial pressure is reported to be decreased not only in visceral adipose tissues but also in subcutaneous adipose tissue [27] . How adipose tissue hypoxia exerts different effects on inflammatory changes in subcutaneous and visceral adipose tissues via M1/M2 ATMs remains elusive.
Here, we demonstrate the relationship between adipose tissue hypoxia and the inflammatory polarity of ATMs in high-fat-fed obese mice. We found that ATMs expressing a higher content of marker genes for hypoxia were more inflammatory and that M1 ATMs expressed hypoxiarelated genes more robustly than M2 ATMs in epididymal adipose tissue. When cultured macrophages were subjected to hypoxia in vitro, the expression of some M1 marker genes was upregulated in a hypoxia-inducible factor-1α (HIF-1α)-dependent manner. In addition, exposure to hypoxia induced expression of some of the inflammatory genes to a lesser extent in IL-4-treated macrophages. From these experiments, we demonstrate that adipose tissue hypoxia induces M1-like polarity in ATMs, thus contributing to the inflammatory characteristics of visceral adipose tissue.
Methods
Materials Rat F4/80 antibody conjugated with allophy cocyanin (APC)/carbocyanin7 (Cy7), hamster CD11c antibody conjugated with phycoerythrin and rabbit β-actin antibody were purchased from BioLegend (San Diego, CA, USA), BD Biosciences (San Jose, CA, USA) and Cell Signaling (Danvers, MA, USA), respectively. Rat F4/80 antibody and rat CD206 antibody conjugated with APC were purchased from AbD serotec (Oxford, UK). Mouse CD45 antibody conjugated with phycoerythrin (PE)-Cy7, rat IL-6 antibody conjugated with PE and rat TNF-α antibody conjugated with PE were purchased from eBioscience (San Diego, CA, USA). Biotinylated IL-1β antibody and streptavidin conjugated with APC were purchased from Novus Biologicals (Littleton, CO, USA) and BD Biosciences (San Jose, CA, USA), respectively. Mouse antibodies to HIF-1α were purchased from Gene Tex (Irvine, CA, USA) and R&D Systems (Minneapolis, MN, USA).
Maintenance of mice Six-week-old male C57BL/6J mice were purchased from CLEA Japan (Tokyo, Japan). The Hif1a flox/flox /LysM-cre knockout mice were generated by crossing a C57BL/6J mouse containing loxP sequences on either side of the Hif1a gene with a C57BL/6J mouse expressing cre recombinase from the lysozyme M (LysM) promoter, which is found only in myeloid lineage cells. As a result, a homozygous mouse that was deficient in Hif1a in monocytes and macrophages was generated. Mice containing the floxed Hif1a allele, which does not express the cre recombinase gene (Hif1a flox/flox ), served as the control in this study. The mice were maintained under a standard light cycle (12 h light/dark) and were allowed free access to water and food. They were fed a standard diet (chow) containing 10% energy from fat (Nosan Corporation, Yokohama, Japan) or an HFD containing 60% fat (Research Diets, NJ, USA). The animal care policies and procedures for the experiments were approved by the animal experiment committee at the University of Toyama.
Hypoxia probe Flow cytometry, western blotting and immunohistostaining for the hypoxia probe were performed using the Hypoxyprobe-1 plus kit (hpi, Burlington, MA, USA) according to the manufacturer's instructions. Pimonidazole was intraperitoneally injected 30 min before tissue collection at a dose of 60 mg/kg body weight.
Flow cytometry analysis Flow cytometry of the stromal vascular fractions (SVFs) was performed as previously described [7, 8] . M1 or M2 macrophages were identified as CD45-positive/F4/80-positive/CD11c-positive/CD206-negative or CD45 positive/F4/80-positive/CD11c-negative/CD206-positive cells, respectively. For the pimonidazole, TNF-α, IL-6 and IL-1β analyses, intracellular staining was conducted using IntraPrep (Beckman Coulter, CA, USA) according to the manufacturer's instructions. Briefly, SVFs incubated with antibodies for CD45, F4/80, 7AAD and/or CD11c, CD206 were fixed, permeability was induced and the fractions were incubated with antibodies for pimonidazole, TNF-α, IL-6 or IL-1β.
Isolation of adipocytes, SVFs and bone marrow-derived macrophages Adipocytes and SVFs were isolated as previously described [7, 8] . To isolate bone-marrow-derived macrophages (BMDMs), bone marrow was collected from femurs and tibias of 8-to 12-week-old mice. Cells were cultured in RPMI1640 supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 55 μmol/l β-mercaptoethanol and 100 ng/ml recombinant murine macrophage colony-stimulating factor (M-CSF; R&D systems) for 7 days. For alternative macrophage activation, macrophages were stimulated with 10 ng/ml murine IL-4 (PeproTech, Rocky Hill, NJ, USA) for 24 h. Differentiated BMDMs or SVFs were serum-starved and cultured under normoxic (20% O 2 , 5% CO 2 ) or hypoxic (1% O 2 , 5% CO 2 ) conditions for 24 h.
Quantitative RT-PCR and western blot Fresh adipose tissue was frozen immediately in liquid nitrogen after isolation until being used in the experiments. Extraction of total RNA and quantitative RT-PCR were performed as previously described [7, 8] . Western blot analysis was performed as described previously [14] with a slight modification (i.e. sonication was needed for the preparation of cell lysate only for HIF-1α blotting).
Immunohistochemistry of adipose tissues Immunohisto staining for F4/80 (rat monoclonal antibody; AbD serotec) and HIF-1α (mouse monoclonal antibody; GeneTex) was performed as previously described [7] . The fresh adipose tissue was fixed in 4% paraformaldehyde, dehydrated and embedded in paraffin. For HIF-1α staining, a mouse-onmouse immunodetection kit (M.O.M.; Vector Laboratories, Burlingame, CA, USA) was used for special blocking. After incubation with the primary antibody, Histofine-peroxidase kit for rat (Nichirei, Tokyo, Japan) or an Envisionperoxidase kit for mouse (DAKO, Carpinteria, CA, USA) was applied as a secondary antibody. 3,3′-Diaminobenzidine was used as a substrate of peroxidase. Samples stained by F4/80 were then incubated with alkaline-phosphataseconjugated antibody against pimonidazole. Fast red (Vector Laboratories), which is visible under both light microscope and fluorescent microscope was used as a substrate of alkaline phosphatase.
Statistical analysis Statistical significance was evaluated using an ANOVA and a post Tukey-Kramer test or unpaired t test. Differences were considered statistically significant at p<0.05. The results were presented as the means±SEM.
Results
Hypoxia-related genes were upregulated mainly in the SVF of adipose tissue in obese mice We first evaluated the levels of hypoxia in adipose tissues using pimonidazole hydrochloride, a chemical probe for hypoxia, and the content of HIF1-α, a well-known transcription factor that can be activated by hypoxia. As shown in Fig. 1a , the pimonidazole signal and HIF-1α content were increased in the epididymal adipose tissue of mice fed an HFD for 12 weeks. We next examined which compartment of adipose tissues was hypoxic during obesity. Epididymal adipose tissue was separated into two fractions-an SVF and an adipocyte fraction. The increase in expression of hypoxia-related genes was significantly greater in the SVF than in the adipocyte fraction of high-fat-fed mice (Fig. 1b-j) . These data suggest that the adipose tissue of obese mice is characterised by hypoxia and that the SVF, including ATMs, may be the major site for the hypoxic response.
M1 ATMs become more hypoxic than M2 ATMs after highfat feeding We next examined whether ATMs became hypoxic during obesity. First, the number of cells positive for F4/80, a marker for mature macrophages, in the SVF was analysed using flow cytometry after pimonidazole injection. The number of ATMs with stronger pimonidazole signals was markedly increased in epididymal adipose tissue of high-fat-fed mice, compared with chow-fed mice (Fig. 2a) .
Second, the pimonidazole signals in the M1 and M2 ATMs were separately evaluated and compared. After high-fat feeding, the pimonidazole signals were enhanced in both the M1 and M2 ATMs. However, the intensity of the signals in the M1 ATMs became remarkably stronger than that of the signals in M2 ATMs in epididymal adipose tissues ( Fig. 2b -e) and subcutaneous adipose tissues ( Fig. 2f-i ) at 8 and 12 weeks, respectively, after the start of high-fat feeding. The immunostaining of epididymal adipose tissues from high-fat-fed mice revealed that the pimonidazole signal was mainly detected around F4/80-positive crown-like structures (CLS), which are known to consist of M1 ATMs (Fig. 2k,l) . HIF-1α staining was also strongly detected around the CLS (Fig. 2m) . In contrast, pimonidazole or HIF-1α signal in epididymal fat was much weaker in chow-fed mice, probably because almost no CLS was observed in these mice (Fig. 2n-q) . These results suggest that M1 ATMs mainly become hypoxic in adipose tissue according to the progress of obesity.
In agreement with a recent report [7] , the number of M1 ATMs was dramatically increased in the epididymal adipose tissues of mice fed an HFD for 12 weeks (Fig. 2r,s) . In contrast, the number of M1 ATMs was relatively small and was not altered in the subcutaneous adipose tissues even after high-fat feeding (Fig. 2t,u) , although M1 ATMs were clearly hypoxic ( Fig. 2f-i) . These results suggest that adipose tissue hypoxia alone is not sufficient to explain the increase in the number of M1 ATMs, at least in subcutaneous adipose tissues.
ATMs expressing hypoxia marker genes also produce inflammatory cytokines The relationship between hypoxia and inflammation in ATMs was investigated. First, the gene profiles of M1 and M2 ATMs obtained from mice fed an HFD for 12 weeks were examined (Fig. 3a) . As we previously reported [7] , M1 ATMs highly expressed M1 marker genes, including those for inflammatory cytokines, such as Tnf, Il6 and Il1b whereas M2 ATMs expressed clearly different gene profiles. The hypoxia-related genes, such as Hif1a, Vegfa, Glut1 (also known as Slc2a1), Pdk1, Gpx1, Vhl and Adam8, were significantly elevated in M1 ATMs as well as other M1 marker genes (Fig. 3a) . Then, the time courses of some genes related to hypoxia and inflammation were compared after high-fat feeding (see electronic supplementary material [ESM] Fig. 1) . Most of the hypoxia-related genes, such as Vegfa, Glut1, Gpx1 and Vhl, were significantly upregulated after 4 weeks of high-fat feeding in M1 ATMs. In contrast, the changes in the gene expression of M2 ATMs were smaller than those in the M1 ATMs (ESM Fig. 1a-e) . Similarly, the expression of some inflammatory genes, such as Tnf and Il1b, was also increased after 4 weeks of high-fat feeding in M1 ATMs (ESM Fig. 1f,g ). These results suggest that a close relationship exists between hypoxia and inflammatory responses in M1 ATMs after high-fat feeding. The relationship between hypoxia and inflammation in ATMs was also evaluated at the protein level using flow cytometry of ATMs after the injection of pimonidazole in mice. As shown in Fig. 3b , the ATMs were separated into two fractions according to the levels of pimonidazole staining. ATMs with strong pimonidazole staining produced higher levels of inflammatory cytokines, such as TNFα, IL-6, and IL-1β, than ATMs with weak staining (Fig. 3c-e) . Moreover, the expression level of IL-1β was positively correlated with the intensity of the pimonidazole signal (Fig. 3f) . These results suggest that hypoxia is involved in the inflammatory responses of ATMs in obese adipose tissue.
Some M1 macrophage markers in SVFs and BMDMs are upregulated by in vitro hypoxia To clarify the causal relationship between hypoxia and the inflammatory polarity of macrophages, we performed in vitro experiments with cultures of SVFs of epididymal adipose tissue (Fig. 4a,b) and BMDMs ( Fig. 4c-e) . Our flow cytometry analysis showed that approximately 50% or more of the cells in the SVF were F4/80-positive (data not shown). Cells were cultured in a hypoxic chamber (1% O 2 ) for 24 h. This in vitro hypoxia treatment significantly upregulated hypoxia-related genes, such as Glut1 and Vegfa, with increased HIF-1α protein in both the SVF and BMDMs. The expression of Cd11c (also known as Itgax), a critical marker for M1 ATMs, and genes for some inflammatory cytokines, including Il6, Il1b and Nos2, were also significantly upregulated by the exposure to hypoxia (Fig. 4a,c) . Interestingly, the expression of Tnf, another representative marker gene for M1 ATM, was significantly downregulated in the SVF (Fig. 4a) and remained unaltered in the BMDMs (Fig. 4c) by the exposure to hypoxia, suggesting that hypoxia does not induce all proinflammatory cytokines. M2 ATM marker genes were not altered in the SVF or downregulated in BMDMs by exposure to hypoxia.
To determine the involvement of HIF-1α in the induction of M1 marker genes by hypoxia, we next performed similar experiments using BMDMs from Hif1a flox/flox /LysM-cre mice, in which Hif1a was deleted specifically in the monocyte/macrophage compartment (Fig. 4c) . More than 90% deletion of the HIF-1α protein in the cultured BMDMs was confirmed by western blot (Fig. 4d) . The basal expression of the M1 markers, such as Tnf, Il6, Il1b and Nos2, was decreased as was the expression of hypoxiarelated genes, such as Glut1 and Vegfa, in Hif1a-deleted BMDMs. The response to the in vitro hypoxia treatment was attenuated significantly in these genes. Interestingly, the deletion of Hif1a increased Cd11c expression under both normoxic and hypoxic conditions (Fig. 4c) . Taken together, these results suggest that the expression of most inflammatory M1 markers (excluding Tnf) were, at least in part, induced by hypoxia in an Hif1a-dependent manner.
Alternatively activated BMDMs poorly express inflammatory markers during hypoxia Finally, we examined the expression of inflammatory marker genes under hypoxic conditions in M2 macrophages that had been alternatively activated by IL-4 treatment. IL-4 treatment significantly decreased the expression of both inflammation-related genes, such as Il6 and Il1b, and hypoxia-related genes, such as Glut1 and Vegfa, under normoxic conditions. Interestingly, IL-4 treatment significantly attenuated hypoxia-induced inflammation-related genes, such as Il6, Il1b and Nos2, while it increased hypoxiarelated genes, such as Glut1 and Vegfa (Fig. 4e) . These results suggest that the induction of markers of inflammation in response to hypoxia is relatively poor in alternatively activated M2 macrophages.
Discussion
Several recent studies have suggested that hypoxia is involved in the inflammatory changes that occur in obese adipose tissues [14, 15, 28] . However, the direct effects of adipose tissue hypoxia on the inflammatory polarity of ATMs have not been examined. In this study, we were able to demonstrate some novel findings regarding the relationship between adipose tissue hypoxia and ATM polarity. M1 ATMs, which were obtained directly from the adipose tissues of obese mice, were more hypoxic than M2 ATMs (Figs 2b-i, 3a, ESM Fig. 1 ). Macrophages exposed to hypoxia expressed higher levels of M1 marker genes, including those for proinflammatory cytokines, in both in vivo (Fig. 3b-f ) and in vitro (Fig. 4) experiments. The induction of most of the M1 marker genes by exposure to hypoxia was dependent on Hif1a, at least in part (Fig. 4c) . Moreover, we observed that the expression of inflammatory genes in BMDMs that were alternatively activated by in vitro treatment poorly responded to hypoxia (Fig. 4e) . These results indicated that adipose tissue hypoxia induces M1-like polarity in ATMs, thus contributing to the inflammatory characteristics of visceral adipose tissue. Relative expression (fold) 3 and 4) , but the precise mechanisms responsible for the difference between the M1 and M2 ATMs are not fully understood. M1 ATMs mainly exist in CLSs in obese adipose tissue. Cinti et al reported that M1 ATMs are recruited into obese adipose tissue to scavenge lipid droplets from dead adipocytes using their phagocytic activity [29] . The area around a dead adipocyte is often avascular and hypoxic. Damage-associated molecular patterns released from the dead adipocytes might attract M1 macrophages into the avascular hypoxic areas against the oxygen gradient [30] . Since M1 ATMs have to move toward this hypoxic area to clear dead adipocytes, the metabolism of M1 ATMs becomes dependent on anaerobic glycolysis to produce ATP by stabilising HIF-1α to adapt to the hypoxic environment. As some proinflammatory genes lie downstream of HIF-1α, the M1 ATMs highly expressed not only hypoxia-related metabolic genes, but also inflammatory genes, including Il1b and Nos2. Indeed, we found that Pdk1, a marker of glycolytic metabolism, was expressed at higher levels in M1 ATMs than in M2 ATMs (Fig. 3a) . Furthermore, the anaerobic phenotype is reportedly observed not only in ATMs but also in peritoneal macrophages (i.e. peritoneal macrophages resemble the classically activated M1 macrophages induced by lipopolysaccharide/IFNγ, the metabolic profiles of which are characterised by enhanced glycolytic activity) [31] . In contrast to M1 ATMs, which are recruited into CLSs, M2 ATMs are evenly distributed in adipose tissues under both obese and non-obese conditions [32] . The different distribution patterns of M1 and M2 ATMs may, at least in part, explain their anaerobic and aerobic metabolism characteristics.
As demonstrated above, hypoxia appears to be a trigger for chronic inflammation in obese adipose tissue. If so, ATMs should experience an inflammatory response following hypoxic changes. However, although the pimonidazole staining in M1 ATMs was stronger than that in M2 ATMs after 8 weeks of high-fat feeding in epididymal adipose tissues (Fig. 2d) , the inflammatory genes were already elevated in M1 ATMs after 4 weeks of high-fat feeding (ESM Fig. 1f,g ). Pimonidazole reportedly binds to cells or tissues where the oxygen partial pressure is less than 10 mmHg [33] . Thus, we speculated that mild hypoxia occurs before 4 weeks of high-fat feeding and while mild hypoxia cannot be detected by pimonidazole staining, it might be capable of stimulating an inflammatory response in adipose tissues.
Recent studies using a macrophage-specific gene deletion system have demonstrated that the I-kappaB kinase beta (IKKβ)-nuclear factor-kappaB (NF-κB) pathway in macrophages is involved in the inflammatory phenotype of obese mice [34] . HIF-1α is a transcriptional factor that is activated by hypoxic stimuli and can promote inflammatory responses in some cells [35] . However, the involvement of the HIF-1α pathway in the function of ATMs has not yet been well documented. Thus, it is also important to clarify the relationship between the activation of the HIF-1α pathway and inflammatory changes in ATMs in vivo. Our present study demonstrated that the HIF-1α pathway was also involved in the induction of inflammatory changes in ATMs. Of note, in vitro exposure to hypoxia increased the expression of Il6, Il1b and Nos2, but not that of Tnf in cultured SVFs or BMDMs (Fig. 4) . These results suggest that there are at least two pathways leading to the induction of proinflammatory markers in macrophages (i.e. hypoxiadependent and hypoxia-independent pathways). On the other hand, M1 ATMs sorted from adipose tissues expressed not only hypoxia-inducible proinflammatory genes, including Il6, Il1b and Nos2, but also Tnf, (the latter not being induced by in vitro exposure to hypoxia) (Fig. 3a) . Similarly, ATMs showing stronger pimonidazole signalling produced more inflammatory cytokines, including TNF-α and IL-1β at the protein level (Fig. 3b-f ). The discrepancy in the induction of Tnf gene expression between the in vivo and in vitro experiments may be explained as follows. In adipose tissue, Tnf in M1 ATMs can be induced not only by hypoxia but also by various other stimuli. For example, inflammatory cytokines produced by other cells can induce Tnf expression in M1 AMTs in a paracrine manner. On the other hand, cultured macrophages are not influenced by the various stimuli after in vitro exposure to hypoxia.
As shown in Fig. 4e , alternatively activated M2 macrophages poorly responded to hypoxic conditions with regard to the expression of inflammation-associated marker genes. A recent study has reported that the activation of NF-κB plays a role in the accumulation of HIF-1α protein in cells [36] . If NF-κB activity in M2 macrophages is low, then HIF-1α stability might deteriorate. However, the expression of HIF-1α target genes, such as Glut1 and Vegfa, actually increased, suggesting that the transcriptional activity of HIF-1α was maintained in M2 macrophages. Whether the binding activity of HIF-1α to the hypoxia responsive element (HRE) site on the promoter lesion of these inflammatory genes deteriorated in M2 macrophages remains to be clarified.
Subcutaneous adipose tissue is reportedly less inflammatory than visceral adipose tissue in obese individuals [23] [24] [25] [26] . We showed that most of the ATMs in the subcutaneous adipose tissue in obese mice are M2 (Fig. 2t,u) , and the expression of inflammatory markers in alternatively activated BMDMs was relatively poor after hypoxic treatment (Fig. 4e) . This poor response of M2 macrophages to hypoxia might explain the less inflammatory characteristics of subcutaneous adipose tissue, to some extent.
Why does adipose tissue become hypoxic during progression of obesity? Some possible mechanisms for these changes have recently been proposed. First, the capillary density is reduced [27] and the blood flow is lower in the adipose tissues of obese individuals (30-40% of the value in non-obese controls) [37] . Consistent with this, we also observed that the expression of vascular endothelial growth factor (VEGF), a well-known growth factor that promotes angiogenesis, was significantly decreased in the adipocyte fraction of obese mice, whereas most of the other hypoxia marker genes were upregulated (Fig. 1c) . Second, Elias et al recently reported that adipocyte-specific VEGF overexpression increased the number of blood vessels in adipose tissues, improving high-fat-diet-induced adipose tissue hypoxia and insulin resistance [38] . These results suggest that the insufficient induction of VEGF expression in obesity is one of the causes of adipose tissue hypoxia. The adipose tissue hypoxia observed in obesity may also be associated with the oxygen diffusion distance. In general, oxygen diffuses about 120 μm from the tissue capillaries [39, 40] , although the adipocyte diameter often becomes 150 μm or longer in obese rodents and humans [41, 42] . In this situation, oxygen cannot reach the opposite side of the large adipocytes from the capillary. Indeed, we found that the expression of hypoxia-related genes was higher in the SVF than in the adipocyte fraction of obese mice (Fig. 1b-j) . These results suggest that the SVF is the major site of adipose tissue hypoxia. However, we should not forget that adipocytes are also affected by hypoxia to some extent. Hypoxic adipocytes reportedly produce less adiponectin, exhibit a higher endoplasmic reticulum stress and release larger quantities of NEFA during obesity [14, 15] . Presumably, we should consider that cross-talk exists between adipocytes and the cells in the SVF and that hypoxia-mediated dysfunction in those cells promotes insulin resistance in a coordinated manner.
In this study, we demonstrated that adipose tissue hypoxia induces inflammatory M1 activation of ATMs via HIF-1α-dependent and HIF-1α-independent mechanisms. This process, from adipose tissue hypoxia to inflammatory activation, is expected to become a new therapeutic target for obesity-associated metabolic diseases.
